Abstract-Direct
INTRODUCTION
Stably stratified shear flow with horizontal mean shear, g = Sh, was compared with vertical mean shear, $$ = S,, using DNS (direct numerical simulation) in our previous studies, [1, 2] . The turbulent kinetic energy was found to be much larger when the mean shear is horizontal essentially because the turbulent production in such a case does not directly involve the gravity-suppressed vertical velocity and the associated vertical buoyancy flux is larger because turbulence remains three dimensional. However, gravity was found to affect the overall dynamics, for example, when Ri, = N2/St was larger that a critical value of Ri, N 1.5, the turbulence was found to decay. The coupling between fluctuations in horizontal velocity, vertical velocity, and density is key to understanding the observed behavior and motivates the present study of turbulence anisotropy. Presumably, the coupling leads to qualitative differences in the vertical mixing due to different types of fluctuations supported in the stably-stratified ocean such as internal waves [3] , buoyancy-a&cted but three-dimensional turbulence, the potential vorticity mode [4, 5] , and fossil turbulence [6] .
In the case of vertical shear flow, it is well known that, with increasing Richardson number, the turbulent energy and associated vertical mass transport is suppressed. However, the effect of stratification on the anisotropy of the fluctuating velocity is not clear. Ocean spectra, for example [7] , often show internal wave activity at low wave numbers followed by three-dimensional 
THE GOVERNING EQUATIONS
The density p, the velocity ui, and the pressure p, denote fluctuations with respect to the mean density p, the mean velocity ui, and the mean pressure p. The uniform mean density gradient, $$ = S,, imposes a stable stratification which is hydrostatically balanced by a corresponding mean pressure gradient. Uniform mean shear, $$ = S, or $$ = sh, provides the forcing for turbulence. The effect of rotation is neglected since, for the s&es considered here, the Rossby number Ro >> O(1).
After the customary Boussinesq assumption, the equations governing the evolution of the fluctuating variables are as follows, Duz du2
hj dXj The streamwise velocity fluctuation on the other hand, has a characteristic time scale l/S, imposed by the mean shear. It should be noted that the fluctuating pressure gradient couples the vertical and horizontal motions by imposing the time scale l/S, on us, and similarly, l/N on ui and uz. It can be anticipated, that with increasing values of Ri, = N2/S2, the vertical shear-induced correlation between ui and us as well as the horizontal shear-induced correlation between ui and ug is hampered because of the increasing disparity between the characteristic time --scales, l/S and l/N. The reduction in shear stress, uius and 211212, and associated production of turbulent kinetic energy K leads to eventual decay of velocity fluctuations for sufficiently large stratification. Indeed, the direct cause of turbulence decay in a stratified medium is the reduced production and not the buoyancy flux. In summary, the regime of stratified sheared turbulence which occurs when F'rt 5 O(1) and all terms (except the viscous term) are of the same order in the vertical momentum equation, is characterized by the following scalings for the fluctuating variables:
NQ = O(l).
It is emphasized that, although the motion described by equation (11) has a characteristic time scale 0(1/N) for the vertical velocity, this mode does not necessarily represent a propagating linear internal wave.
In the preceding arguments, the assumption that the unsteady term balances the buoyancy term in equation (4) leads to the constraint that 5 = 0(1/N).
A plausible alternative is to fix the time scale r in all equations to be the horizontal advection time scale 11/u:. Furthermore, if Frt < 1, the dominant balance in the us equation must be between the fluctuating pressure gradient and the buoyancy term with the unsteady term being of higher order. As shown by Riley and Lelong [20] , such a balance leads to the potential vorticity mode characterized by ; = O(cr), $=o(aR:), g+E). (12) Here, a: is the aspect ratio introduced by the system geometry. The current discussion is limited to geophysical length scales of 1 < 50m with cx = O(1). According to both equations (11) and (12), the fluctuating velocity approaches the two-component limit ub/ui + 0, assuming Frt -+ 0 with increasing stratification.
THE TURBULENT FROUDE NUMBER
Since the relative magnitude of vertical and horizontal components is controlled by the turbulent Froude number, it is of interest to obtain the evolution of Froude number from our DNS. It is found that Frt asymptotically reaches a constant in the simulations. The dependence of the asymptotic value of the vertical Froude number Fr, = w'/NL, on the gradient Richardson number is given in 
6. ANISOTROPY OF THE VELOCITY GRADIENT Stratification imposes anisotropy on the velocity gradients, and consequently, the turbulent dissipation. Table 1 shows values of the nine components, sap, defined by Note that there is no summation over any Greek index and the turbulent dissipation rate E is used for normalization.
For reference, a corresponding table in the case of isotropic turbulence would show the value of 0.0667 for all straining components ((1. = p) and a value of 0.1333 for all shearing components. Table 1 shows the relative contributions for both zero and a large value of Ri,. In the unstratified case with Ri, = 0, the largest gradient corresponds to the shearing direction, the l-2 component in horizontal shear flow and the l-3 component in vertical shear flow. However, for large Ri,, the l-3 component, which is the vertical gradient of the streamwise fluctuation, dominates all other components. In the flow with vertical mean shear, the case with high Richardson number has decaying turbulence and one might suspect that the dominance of the l-3 fluctuating gradient is due to low Reynolds number which alrows the anisotropy of the mean distortion to permeate into the small scales. However, the observed dominance of the l-3 fluctuation at high Ri, in the case of horizontal mean shear, $$, cannot be a low Reynolds number artifact.
Evidently, it is the stable stratification that causes the dominance of the fluctuating vertical shear irrespective of the direction of mean shear forcing. Recent PIV measurements in stratified wakes and grid turbulence have been used to infer collapse of the motion into horizontal layers accompanied by large vertical gradients due to decorrelation of these horizontal layers in the vertical direction.
Our observation of the dominance of the fluctuating vertical shear in uniformly sheared flow is consistent with these experimental observations. Stable stratification induces other changes in the small-scale anisotropy. In the case of vertical mean shear, the 2-3 component increases strongly while the 3-2 component decreases strongly. In the case of horizontal mean shear, the 3-2 component increases while the 2-3 component decreases. Such behavior suggests that, in both cases, the relative contribution of the streamwise vorticity component increases. 0 < Ri, < 3, studied here. As a consequence of the coupling, first, horizontal mean shear induces vertical mixing, second, the vertical mixing is larger when the r&an shear is horizontal instead of vertical since the turbulent production in that case is not directly inhibited by gravity, and third, the suppression of vertical fluctuations eventually leads to the overall decay of all velocity fluctuations for sufficiently large values of Ri,. The anisotropy of fluctuating gradients is also found to be affected by stratification. At high Ri,, in both horizontal and vertically sheared flows, the component & dominates, while the streamwise gradients $$ becomes small. It appears that, in response to3stable stratification, fluctuating vertical shear hominates other components of the dissipation suggesting the appearance of decorrelated horizontal layers of motion. Furthermore, there is a collapse of the vorticity towards the horizontal plane.
The turbulent Froude number, F'rt, is found to approach a O(1) constant at high values of Ri. Thus, the limit of two-component turbulence which requires asymptotically small F'roude humber is not approachedlin the case of turbulence forced by uniform shear. There are other counterexamples such as the far-wake and horizontal jet where F'rt progressively decreases. In such situations, the two-component limit may be approached. In geophysical flows with a variety of mechanisms available for forcing fluctuating motion, both three-dimensional and two-dimensional turbulence are potentially realizable in a stratified medium with the former responsible for most of the energetic vertical mixing. 
